Abstract-A technique for resist deposition using a novel fluid ejection method is presented in this paper. An ejector has been developed to deposit photoresist on silicon wafers without spinning. Drop-on-demand coating of the wafer reduces waste and the cost of coating wafers. Shipley 1400-21, 1400-27, 1805, and 1813 resists were used to coat sample 3-and 4-in wafers. Later, these wafers were exposed and developed. The deposited resist film was 3. 
I. INTRODUCTION
T HERE IS a continuing need for alternative deposition techniques of organic polymers in precision droplet-based manufacturing and material synthesis [1] , [2] , such as the deposition of doped organic polymers for organic light emitting devices of flat panel displays [3] - [7] . There is also need for deposition of photoresist without spinning on large or oddly shaped substrates. In addition, small particle ejectors are necessary for the study of heating and combustion behavior of small solid particles, such as coal and metals [8] . To date, there has been no report of a drop-on-demand solid particle ejector that can eject fine solid particles with spatial control, although a continuous mode pneumatically operated solid particle ejector has been reported [8] .
Of all the needs for a liquid or solid particle ejector, the deposition of organic polymers used in semiconductor manufacturing and microelectromechanical systems (MEMS) is worth the most attention. Lithography is the most expensive step in microelectronics technology. Photoresist coating is the one of the expensive steps in the lithography process. For common applications, the spin coating of photoresist on an appropriate substrate, in most cases a round silicon wafer without any significant topography, is conventionally used in microelectronics IC fabrication. One of the most critical roles of spin coating systems is to properly cast a thin film of photoresist on the surface of a silicon wafer. The photoresist film, after application to the substrate, must have uniform thickness and must be chemically isotropic so that its response to exposure and development is uniform. The film must be extremely uniform in thickness 6 , and wafer-to-wafer mean thickness control must be better than 30 , total indicated range over extended periods of time. In the literature, several types of photoresist coating methods are reported [9] , [10] : spin coating, spray coating, dip coating, meniscus coating, plasma-deposited photoresist, electrodeposited (electrophoretic) photoresist, and roller, curtain and extrusion coating. A meniscus coating process has been established for flat panel display substrates. The advantage of this technology is the savings of the coating material (only 5%-10% loss) and the avoidance of edge build-up, unlike spin coating. Techniques which involve a direct contact between the substrate surface and the photoresist bulk source, such as meniscus coating or silk screen printing techniques, lead to a proper coverage depending on the adhesion of the resist on the substrate surface. Another interesting method is the deposition of polymer from gas phase, i.e., plasma-deposited photoresist. This method requires a monomeric coating material, which may be evaporated at ambient temperatures and forms its polymeric form after deposition on the substrate. Electrodeposited (electrophoretic) photoresist has been proposed for the coating of substrates with extreme topography. This process needs metal plating of substrates and has some associated process complexities such as the requirement for wafer electrical biasing during the resist coating process. Spin coating remains the method of choice of the microelectronic industry. In present applications, over 95% of the photoresist is wasted and has to be disposed of as a toxic material. Radial thickness variations associated with the application of photoresist by spinning must be avoided for 300 mm or larger silicon wafers. The origin of the potential variations in physical properties of the photoresist film lies in the spin coating technique. A large amount of extra free volume is trapped in the film during the spin coating.
The device we developed uses a drop-on-demand method to dispense photoresist on wafers. Drop-on-demand coating of wafers reduces the waste and the cost of coating these wafers. DUV photoresists currently available on the market cost $3000-$6000 per gallon, and 0.7-1.0 cc photoresist is used with the current tracks to cover a 200-mm silicon wafer. The developed deposition method saves up to $10 per 200-mm memory wafer in production. This is a significant saving given that approximately 0.5 millions wafers per year are processed per track, and each semiconductor foundry has 30-50 tracks. In addition to reducing waste, this method can be used to coat oddly shaped substrates (i.e., flat panel displays), to planarize the resist profile on the wafers (i.e., putting more resist on some parts of the wafers), to finely control its spatial distribution in real-time, to possibly reduce the use of HMDS, and to do direct write for MEMS where critical dimensions are in the order of several microns. The piezoelectric fluid ejector can find applications in integrated circuit manufacturing not only for photoresist coating but also for dispensing chemicals to desired regions. The ejector is harmless to sensitive fluids. The method also opens new possibilities, e.g., intentionally varying the resist thickness across the wafer. The adaptation of the piezoelectric fluid ejector technology to the semiconductor industry will meet the future demands of the microelectronic and MEMS industries.
II. EJECTOR
A schematic and picture of the ejector are shown in Fig. 1 . A thin shim with a small orifice is bonded to a piezoelectric annular disk. A cylinder is attached to the shim to serve both as a fluid reservoir and to clamp the ends of the compound plate formed of the shim and piezoelectric. The reservoir is open, and the fluid is at atmospheric pressure. A silicon micromachined version of the device is also presented in Perçin et al. [1] , [2] .
We use brass shims, steel shims, and silicon membranes as a carrier plate and Murata Surface Wave Material [11], Motorola PZT 3203HD [12] , and lithium niobate LiNbO as a piezoelectric material in our designs. Table I shows the physical constants of the piezoelectric materials used. The piezoelectric materials were chosen because they retain their properties when polished to a thickness of 25 m, whereas brass and steel shims were chosen because they are easily available. On the other hand, we use silicon membranes in order not to contaminate the photoresist. We designed the droplet ejector to have maximum displacement at the center of the flexurally vibrating circular plate at its resonant frequency when loaded with fluid. Several iterations were run to maximize the displacement of the plate as a function of the dimensions of the piezoelectric annular disk by using the analytical model developed in Perçin et al. [13] . Maximum displacement is obtained when the piezoelectric annular disk (Murata Surface Wave Material in this case) has an inner diameter of 2 mm and outer diameter of 7 mm for a brass shim with a diameter of 9 mm. Large-scale model devices shown in Fig. 1 were fabricated using the optimum configuration obtained by using the model developed. The reservoir was made of brass with a height of 8 mm. A 25-m-thin shim was bonded to the 25-m-thick piezoelectric annular disk. The inner and outer diameters of the annular disk were 2 and 7 mm, respectively. The orifice ranged in diameter from 50 to 200 m and was made using a drill in a small lathe or chemical etching. The measured first resonant frequency of the device was 2.5 kHz in air and 1.2 kHz with fluid loading on one side. Both resonant frequencies are in agreement with the model prediction.
A. Vibration of Compound Plate
The harmonic transverse axisymmetric displacement, , of the compound plate shown in Fig. 1 satisfies the following differential equation for both single-layered (only metal shim) and double-layered (metal shim and piezoelectric) regions: (1) where is the angular frequency of vibrations, is the pressure, is the built-in tensile force per unit length of the thickness of the plate, is the flexural rigidity of the compound plate, which is different for each region, and (2) where is the mass density of the plate. The general axisymmetric solution to (1) is in the following form: One should apply the boundary conditions for bending moments per unit length, displacements, and inplane forces per unit length to obtain the the coefficients , , , and in (3) for singleand double-layered regions separately. The details of the similar analysis, where built-in tensile force is zero , is presented in Perçin et al. [13] .
B. Drop Formation
The vibrating plate sets up capillary waves at the liquid-air interface and raises the pressure in the liquid above atmospheric (as high as 1.5 MPa) during part of a cycle, and if this pressure rise stays above atmospheric pressure long enough during a cycle, and this is high enough to overcome inertia and surface tension restoring forces, drops are ejected through the orifice. If the plate displacement amplitude is too small, the meniscus in the orifice simply oscillates up and down. If the frequency is too high, the pressure in the fluid does not remain above atmospheric long enough to eject a drop.
The motion of a drop of inviscid liquid in a gas of negligible density (such as air) can be computed by a boundary integral method, which has the advantage of requiring a numerical grid only on the surface of the drop. The velocity potential of an irrotational flow can be expressed as a surface distribution of dipoles (5) where (6) is the velocity potential at a point due to an infititesimal source located at , a point on the surface of the drop, is the derivative in the direction of the outer normal to the surface at , and is the dipole density per unit area. The reader should note that the dipole density equals the jump in the velocity potential, , across the surface of the drop.
Since the velocity of the surface of the drop can be computed, the surface can be evolved in time with the normal velocity, which can be found from Assuming that gravitional forces are negligible, the pressure difference across the surface of the drop must be balanced by only surface tension yielding the following pressure boundary condition: (8) where is the pressure inside the drop, is the surface tension, and is the outward unit normal. These equations can be put in dimensionless form by using a characteristic length , the radius of the orifice, and time , the period of plate oscillations. The previous equations then have identical form, except in (10), where is replaced by the dimensionless surface tension parameter (11) where is the radius of the orifice, is the frequency of oscillations, and and are surface tension and density of the liquid. This provides a scaling law for drop ejection. All other things being equal, such as amplitude and plate mode shape, this says that droplet size and shape are only a function of this single dimensionless parameter. For instance, if is made larger then either the orifice radius should be smaller or made larger.
To solve for the shape of the drop, one must solve (7) and (10) simultaneously. A computational model which simulates droplet ejection has been also developed using a boundary integral method in Perçin et al. [14] . Singular potential flow dipole solutions were distributed along the liquid/air interface in an axially symmetric configuration, as in the previous work [15] , and singular source solutions were distributed on the solid membrane surface. Enforcing boundary conditions on these surfaces, pressure-surface tension balance on the liquid interface and specifying the velocity on the solid membrane (also mode shape) using (3) gives integral equations to determine the dipole density and the source density functions. The use of both dipoles and sources in this manner results in coupled Fredholm equations of the second kind which can be solved simultaneously by an iterative process. It should be emphasized that viscous effects have been neglected in this analysis given that the ejection velocity scales with . A Reynolds number (12) which describes the ratio of inertial forces to viscous forces, should be sufficiently large for the analysis to be valid, where is kinematic viscosity of the liquid.
C. Drop Spreading
Another crucial point in the theory is the spreading of photoresist drops on the wafers. There is a wide range of literature on this topic and can be found in Bauer et al. [16] , Shikhmurzaev [17] , Yarin et al. [18] , Mundo et al. [19] , Davis et al. [20] , and Pasandideh-Fard et al. [21] . In Mundo et al. [19] , the relation between the ejected drop radius and the spot radius on the substrate is given by (13) where is the radius of the ejected drop, is the radius of the spot on the substrate, is Reynolds number, is Weber number, is the contact angle, is the ejected drop velocity, and is dynamic viscosity of the liquid. In Fig. 2 , the simulations for dry photoresist thickness on a wafer are given as a function of droplet ejector orifice diameter. In the simulations, one drop is ejected to every spot; however, by ejecting multiple drops to each location, same photoresist can be used to obtain different film thicknesses. On the other hand, the conventional spin coating relies on the different photoresist formulations with different viscosities to obtain different film thicknesses. For the film thickness variation, the orifice diameter is assumed to vary by 1%. In the computations, we have used N/m, mPa.sec, g/cm ,
, and m/s.
III. EXPERIMENTS AND RESULTS
Shipley Microposit S1400-21, S1400-27, S1805, and S1813 photoresists were ejected using the ejector under the conditions described in Section II, with a 200-V peak-to-peak voltage. Table II shows the physical properties of the photoresists ejected. The ejected photoresist drop size is 85% of the orifice size as shown in Figs. 3 and 4 , where orifice size is 110 m. Fig. 3 , where the simulated droplet ejections are shown with actual dimensions at every interval, also shows that the simulated droplet ejection closely resembles the actual photoresist droplet ejection picture with a similar elongated tail. The orifice diameter is 110 m, the ejection frequency is 7.15 kHz (period 139.86 s), and the ejected fluid is Shipley S1813 photoresist. The final velocity is about 1.79 m/s for the first mode and 0.98 m/s for the second mode. In the computation, the drop pinchoff time was 123.0 s and the surface tension parameter . We have used N/m and g/cm for calculating these parameters. Fig. 5 shows square coating of 3-in silicon wafers with zero waste. The spacing between the wafer and the ejector was around 2 mm. The resist is 3.5 m thick and has a surface roughness of about 0.2 m. Fig. 6 shows profilometer (alpha-step) scans of the deposited photoresist pattern. The roughness at the edge of the photoresist pattern is caused by overlapping photoresist drops on the wafer. Since there is no overlapping photoresist drop at the edge of the pattern, the surface tension restoring forces cannot smooth out the thickness profile. The resist coating was done without HMDS treatment in a dry laboratory that contains dust particles, and nonuniformity is due to the quick evaporation of the solvent in the photoresist. This drying results Fig. 10 . Configuration of the micromachined droplet ejector. Spacing between the adjacent array elements ranges from 150 to 400 m. Orifice diameter ranges from 4 to 10 m. Vibrating plate diameter ranges from 90 to 500 m.
in nonuniformity as the wafer is coated. Using a chamber with a solvent saturated environment will alleviate both problems of dirt incorporation and nonuniformity [22] . Fig. 7 shows photoresist patterns that were exposed and developed into the wafer. The lines and spaces are 10 m wide, and, on the right, the same pattern is located on a 150-m deep silicon trench. Fig. 7 also shows that the developed deposition method does not harm the ejected photoresist chemically or physically. The uniform coverage of sidewalls of etched cavities is a challenge in fabrication of MEMS devices. Micromachined components are fabricated using various etching technologies (e.g., wet anisotropic, dry plasma etching and deep reactive ion etching) on substrates which may then expose different crystallographic planes. The combination of these parameters leads to several different slopes in the sidewalls of etched trenches. Fig. 8 shows SEM image of photoresist coverage in a deep silicon trench. Although the application of common spin coating leads to a flat resist surface of highly uniform thickness, this technology fails dramatically in the coverage of deeply etched trenches and grooves. As shown in Fig. 8 , substrates with rectangular shapes and MEMS devices with extreme topography in height and size can be covered with a uniform resist layer by using the fluid ejection method developed. Fig. 9 demonstrates the ability to deposit lines of photoresist (without HMDS treatment) that are 350 m wide. Narrower lines can be deposited with smaller drops for microelectromechanical systems (MEMS) where critical dimensions are in the order of several microns. Coating in a clean environment will allow the lithography of circuits for microelectronic applications.
IV. CONCLUSION
In summary, we have developed a photoresist coating technique by using inkjet technology. To do so, we have also developed an ejector which is silicon micromachined into two-dimensional arrays. The micromachined modified version of the device shown in Fig. 10 is presented in Perçin et al. [23] , where two-dimesional array is actuated with bulk piezoelectric material bonded above the fluid reservoirs rather than with individual piezoelectric elements deposited on each vibrating plate as presented in Perçin et al. [1] , [2] . The ejector is based on using a variation of a flextensional transducer and the transducer design was optimized by using the model developed in Perçin et al. [13] . The developed photoresist deposition method needs more work to improve the uniformity and the speed of the coverage; however, it is demonstrated that it has practically zero waste.
